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Abstract 
High driven voltage is required for ultrasonic motor, so the driving circuit needs transformer to boost voltage. Since the USM 
is a nonlinear capacitive load, a matching circuit is needed to keep the output voltage and the phase shift constant. For the 
switching circuit with push-pull topology, the switching loss is less under inductive load rather than capacitive load, which will
increase its efficiency and reliability. A novel LLCC resonant network was proposed and its parameters were given. Theoretical 
analysis and simulation were presented, which demonstrated that the output voltage and phase shift of the resonant network was 
independent of driving conditions, such as driving frequency and load, and the load characteristics can be changed from capacitive 
to inductive. This novel driver is applied to the TRUM-60 type ultrasonic motor, and the experimental results are presented to 
verify the effectiveness of the proposed circuit. 
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1.Introduction 
USM (Ultrasonic Motor) is a novel motor with new concept. Using the inverse piezoelectric effect and ultrasonic 
vibration of piezoelectric ceramics, it can convert the micro-deformation of elastic material (stator) into the 
macroscopic motion of rotor or slider through the resonant amplification and friction coupling[1-4]. Compared with the 
traditional electromagnetic motor, USM has a lot of characteristics, including small inertia, fast response, unaffected by 
magnetic field and not generating strong magnetic field. In addition, there are many other advantages, such as light 
weight, simple structure, small noise, high torque under low speed and directly driving the load. USM is widely used in 
the fields of aerospace engineering and military, including spacecraft, Mars probe, missile and nuclear warheads. It also 
used in the civilian areas, such as the auto focus lens and quartz watch[5-8]. 
Although USM has the above advantages, its control circuit is very complex because of the nonlinear and time 
varying characteristics of the internal parameters. The driving circuit designed for these characteristics requires that the 
amplitude and phase angle of output voltage are not affected by the changes of frequency and load[9-10]. When the 
driving voltage is sinusoidal, the mechanical vibration characteristic of USM is best. So using the resonant circuit to 
produce sine wave is most common. Every resonant circuit has its advantages and disadvantages. When it is used in the 
USM, the amplitude and phase of the output phase voltage are affected easily by the changes of load in a fixed driving 
frequency. Usually the common method is using the feedback of the output voltage to adjust the input voltage, in this 
way the output voltage amplitude is constant, or using phase interlock circuit to ensure the balance of the phase angles. 
But these will increase the complexity of the drivers. 
Generally the supply voltage of USM driving circuit is very low (about 12V), while the voltage required under 
normal operation is comparatively high. So the transformer is needed to achieve isolation and boost in the USM driving 
circuit. The topology of the driving circuit can be push-pull, half bridge or full bridge. In the push-pull circuit, the 
switch drivers are in the common ground, without isolation, and the circuit structure is relatively simple, especially 
suited to the USM with low supply voltage. So it is the most common topology[11-12]. In this paper, push-pull circuit 
is used as the USM driving circuit, while the influence of load characteristic on the working condition of the driving 
circuit is discussed. The LLCC resonant circuit is designed and analyzed, which could make the voltage and phase of 
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USM not vary with the change of load and driving frequency. The output voltage of USM is controlled without 
feedback loop. The circuit is simple and efficient. 
2 The push-pull driving circuit of USM 
Near the resonant frequency, USM could be approximated by the equivalent circuit shown as figure 1(a) [13]. Cd
represents the clamping capacitance of piezoelectric ceramics while Lm represents the equivalent inductance of USM 
mass effect. Cm represents the equivalent capacitance of elastic effect while Rm represents the equivalent impedance of 
mechanical loss in the stator. Lm, Cm and Rm constitute a dynamic circuit branch, and determine the electromechanical 
coupling characteristics of USM. The parameters of the branch are not only determined by the factors of stator, but also 
the equivalent effect of rotor pre-pressure on the stator. If the external characteristics of the circuit are not changed, 
USM could be transformed into the RC parallel circuit shown as figure 1(c). The parameter transforming relationships 
are as follows: 
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The single-phase circuit diagram of USM push-pull driving circuit is shown in figure 2. D1(D2) and C1(C2)
respectively represent the body diode and the junction capacitance. The USM equivalent circuit is shown in the dashed 
square. The equivalent capacitance C and the equivalent impedance R will vary with the change of load and driving 
frequency. So USM is nonlinear and strong capacitive load. Ls is the series matching inductor which is widely used 
recently. In order to obtain high driving voltage and ensure large stall torque, the value of Ls is limited. The push-pull 
driving circuit could produce a square wave voltage, which will be isolated and boosted by a transformer. It will also be 
resonant amplified and filtered by series matching circuit. Then sinusoidal voltage could be obtained, which will be 
added to the stator and drive the motor. 
Fig. 2 Push-pull driving circuit for USM (single phase) 
It can be seen from the figure that the output voltage uo is obtained by the resonance of series matching inductor Ls
and equivalent capacitance C[14]. So the amplitude and phase will vary with the change of C. As the equivalent 
capacitance and resistance will vary with the change of load and driving frequency, the voltage amplitude and phase 
could not keep constant. Because the material and structural differences, the electrical character of two phase could not 
be completely same, resulting in two-phase voltage amplitude and phase are different. The two phase voltage 
waveforms of self-made USM TRUM-60 (the motor electrical parameters are shown in table 1) driven by 1.5mH series 
inductor are shown as figure 3. Obviously the single phase voltage amplitude varies widely in different frequencies, 
and the two phase voltage amplitude and phase shift are different, especially in figure 3(b) the phase difference of two 
phase being more than 90q. This is the shortcoming of the resonant circuit using a single series inductance. So it is 
necessary to study other forms of the resonant circuit. 
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Fig.3 Output voltages vs. frequency with Ls resonance 
3 Influence of load characteristics on the switch circuit  
To the driving circuit, the efficiency of the system with resistive load is maximum. USM is capacitive, so the 
resonant network is required to make it resistive. However the capacitive load of the motor itself is changing. The 
resonant network with fixed structure and parameters could not make it resistive in the whole range. So it is necessary 
to analyze the working conditions of the driving circuit with inductive and capacitive load[15]. 
The main working waves of push-pull driving circuit in the capacitive and inductive load are given as figures 4 and 
5. The positive directions of each variables are shown in figure 1. Uin is the input voltage of the driving circuit. ud1 and 
ud2 is the leakage voltage of two switches.  
In figure 4, Q1 is off and id1 flows reversely through D1 at time t0. So Q1 is the zero voltage turn-off switch. In the 
dead period [t0ˈt1], id1 will continuously flow reversely, while ud2 equals 2Uin+0.7 (the forward voltage drop of the 
body diode). At time t1, Q2 is on and ud2 equals 0. Whether Q2 is on or off, the formula up2=Uin-ud2 is eternally right. 
Therefore in the instant when Q1 is on, the change of up2 is ˄2Uin+0.7˅V. It results in a very large pulse current in the 
windings below and increases the turn-on loss of Q2. Similarly, there are large current peaks in the windings above and 
the loss is big when Q1 is on.  
Fig. 4 Main waveform of circuit with capacitive characteristic load Fig. 5 Main waveform of circuit with inductive characteristic load
Based on the above analysis, there are big circuit peaks and large turn-on loss with the capacitive load. 
In figure 5, Q1 is off and id1 will wheel through D2 at time t0. In the dead period [t0ˈt1], id1 will continuously 
wheel through D2 and ud2 equals -0.7V (the forward voltage drop of the body diode). At time t1, Q2 is on. It belongs 
zero voltage turn-on condition and ud2 equals 0. Because up2 equals Uin-ud2 , the change of up2 is 0.7V in the instant 
when Q1 is on. It results in a relatively smaller pulse current in the windings below, which could be ignored.  
From the above comparison, there are large current peeks and big turn-on loss when the switch is on with the 
capacitive load. So if we could not make the load resistive in all working period, it should be selected inductive to 
decrease the loss of the switch and increase the efficiency of the driving circuit.  
4 Research on the LLCC resonant network 
From the above analysis, the functions of resonant network between the driving circuit and USM are ensuring the 
voltage amplitude and phase not vary with the load and driving frequency and making the load of driving circuit 
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inductive. Therefore, the LLCC resonant network is proposed shown as figure 6. Z1 represents USM, and its equivalent 
capacitance and resistor are variable. Lm, Ls and Cs are the external passive components, which constitute the LLCC 
resonant network together with the motor capacitor C. The input of the network is high voltage square signal Us and the 
output is the motor voltage. 
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Fig.6 LLCC resonant network 
The voltage gain and phase of the resonant network could be gotten as follows˖
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From formula (2), when the imaginary part of the denominator is 0 and the real part is 1, the voltage gain is 1. From 
formula (3), the phase of resonant network is 0. So it is easy to obtain the following formulas: 
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Generally R is big (a few k:) and C is small (a few nF). So when Ls and Cs resonate near Z, formula (4) is 
similarly established. In other words, the voltage amplitude and phase will hardly vary with the frequency and load. In 
addition, when Ls is comparatively small and Cs is big, the effect is better. 
The total impedance of the resonant network and USM is: 
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When , imaginary part of the total impedance is zero, and the load of the driving circuit is 
resistive. So 
up downZ Z  
s s m s( )2C +C - CC L + LZ                                                              (7) 
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From the formula (4) and (7), the parameters meeting the functions of the resonant network above are as follows: 
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Tab. 1 Parameters for USM and resonant network 
f
(kHz)
C
(nF)
R
(k:)
Lm
(mH) 
Ls
(mH) 
Cs
(nF)
38~42 6~7 2~6 2.6 1.0 15
In other words, when Ls and Cs occur series resonance near Z , Ls, Cs, Lm and C occur series resonance near Z too. 
In order to verify the correctness of the proposed network, the simulation is carried out based on the parameters shown 
in the table 1. The results are shown in figure 7 and 8. Figure 7 reflects the relationship among the voltage gain, phase 
and driving frequency. Figure reflects the relationship between the phase of the total impedance and driving frequency. 
Fig.7 Gain and phase of resonant network vs. frequency Fig.8 Phase of total impendence vs. frequency
Figure 7 shows that the voltage gain and phase shift are small, meeting the design requirement. In figure 8, the 
phase of total impedance varies with the driving frequency, developing to be capacitive with the increase of Lm. From 
the analysis above, Lm should be selected comparatively small to ensure the total impedance resistive or inductive. 
5 Experimental results 
To verify the rationality of the analysis above, the experiments are carried out with the USM TRUM-60 made by 
the institute. Parameters of USM and the resonant network are shown in table 1. The input voltage of the driving circuit 
Uin is 12V, while the transformer ratio of the push-pull circuit is 1/15. In fact, the secondary main inductance of the 
transformer could be used as parallel inductance Lm. In this way, Lm could be eliminated. To obtain the secondary 
main inductance with the same inductance of Lm , the air gap could be added in the transformer. In this paper, the 
method is used in the experiments. 
The two-phase voltage waveforms in different frequencies are shown in figure 9. The amplitudes of single phase 
voltage in different frequencies are shown in table 2. From the experimental results, the voltage amplitude and phase 
shift of the motor would hardly vary with the driving frequency, while the amplitudes of two-phase voltage are keep 
consistent. So the LLCC resonant network meets the design requirements in voltage amplitude and decoupling driving 
conditions. 
Figure 10 reflects the relationship between input voltage of USM and the DC input voltage of driving circuit in the 
constant frequency. From the figure, there is a nice linear relationship between them, after excluding the measurement 
errors. It would be a good foundation of motor control.  
In the proposed LLCC resonant network, Ls and Cs mainly influence the amplitude and phase shift of output 
voltage, while Lm affects the load characteristic of the driving circuit, thus affecting the efficiency of the driving circuit.  
The relationship between the efficiency of the driving circuit (the ratio of the output power an input power) and the 
driving frequency with and without Lm in the empty load is shown in figure 11. The efficiency would improve 
significantly when Lm is used, because the loss of switch decreases and the power factor increases. 
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(a) The driving frequency is 42.48 kHz (b) The driving frequency is 43.59 kHz 
Fig.9 Output voltages vs. frequency with LLCC resonance 
Table 2 Output voltage vs. frequency 
f(kHz) 41.49 41.67 42.48 42.7 42.99 43.22 43.59 
Vo(Vpp) 496 492 496 496 492 496 496 
Fig.10 Output voltage vs. input voltage with LLCC resonance Fig. 11 Efficiency of the driver
6 Conclusions 
In this paper, a novel LLCC resonant network is proposed and the parameter computational method is given, 
aiming at the shortness of conventional resonant networks. The decoupling between the amplitude together with the 
phase of the motor voltage and the driving condition is achieved. The working processes of the USM push-pull driving 
circuit with different kinds of load are analyzed. It mirrors that using inductive load could decrease the switch loss and 
increase the reliability and efficiency of the driving circuit. The experiments using the USM TRUM-60 are carried out. 
The experimental results testify the correctness of the proposed method. The LLCC resonant circuit provides a good 
foundation to develop the USM controllers with high performance. 
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